The oxygen-I5 steady-state inhalation tech nique provides quantitative values of regional cerebral blood flow, fractional oxygen extraction, and oxygen uti lisation. These last two, however, have been found to be higher than those reported using arteriovenous difference techniques. On theoretical grounds, this overestimation is due to the signal from nonextracted intravascular ox ygen-I5. In this paper, a method is presented to correct Address correspondence and reprint requests to Dr. Lam mertsma at MRC Cyclotron Unit, Hammersmith Hospital, Du cane Road, London Wl2 OHS, England.
Positron emission tomography (PET) permits the absolute measurement of the distribution of posi tron-emitting radionuclides within the human body. This has been used to measure regional cerebral oxygen-IS concentration while a subject continu ously inhales tracer amounts of oxygen-IS-labelled carbon dioxide and molecular oxygen. From this data it has been possible to obtain measurements of regional cerebral blood flow (rCBF), oxygen ex traction ratio (rOER; the fraction of oxygen ex tracted from the arterial blood), and oxygen utili sation (rCMR02). This technique has been used to study both normal brains and cerebral disease (Frackowiak et aI. , 1980a (Frackowiak et aI. , , 1981 Ackerman et aI. , 1981; Baron et aI. , 1981a,b; Ito et aI. , 1982; Lenzi et aI. , 1982; Wise et aI. , 1983) .
The reported absolute values for normal rOER (and therefore for normal rCMR02) are, however, higher than those obtained with arteriovenous sam-pIing (Frackowiak et aI. , 1980b; Baron et aI. , 1981c) . Lammertsma et ai. (1981a) have shown that, on theoretical grounds, an overestimation oc curs due to the signal from non extracted haemo globin-bound oxygen-IS in the 1 5 02 scan. In the steady-state model this intravascular component is assumed to be negligible. However, if rOER and/or rCBF are low, the tissue signal arising from the gen eration of labelled metabolic water is small, and the contribution of the vascular, unextracted activity becomes important. A correction for this back ground vascular signal requires an additional mea surement of regional cerebral blood volume (rCBV) (Lammertsma et aI. , 198Ia) .
This article develops the theory of this correc tion, a model of the influence of background signals from both arterial and venous blood, and the statis tical properties of the correction.
OXYGEN-IS STEADY-STATE MODEL
rOER is calculated from two separate scans. The first is obtained during the continuous inhalation of C1 5 02, and the second during 1 5 02 inhalation (Frac kowiak et aI. , 1980a) .
In the simplified model used for clinical studies it is assumed that the tissue/blood partition coeffi-cient of water and the extraction fraction of water are unity. Although both assumptions are not com pletely true, errors from these simplifications, when applied to the human brain, are small (Lammertsma et a!., 1981a) .
During inhalation of C1502, the 150 label is rap idly transferred in the lungs to H21S0 (West and Dollery, 1962) . This results in a continuous arterial supply of H2150. In the steady-state model, if blood volume is neglected, the activity Aw in a volume V of cerebral tissue will be given by CF'
where Cw is the arterial concentration of H2ISO, 'A is the decay constant for oxy gen-15, and F' is the apparent blood flow through volume V.
During continuous inhalation of 1502, the aero bically respiring cerebral tissue extracts 150 and forms H2150 of metabolism. The steady-state ac tivity Ao in the same volume V is given by
where Co is the arterial concentration of haemo globin-bound molecular 1502, C!.v is the arterial con centration of recirculating H21S0 (of metabolism),
and Eb is the apparent oxygen extraction ratio. I From measurements of Aw and Ao with PET and values of Cw, C!.v and Co, obtained from well counting of arterial blood samples, Eb is obtained from Eqs. 1 and 2. It is this quantity, together with F'IV (Eq. 1), which has been measured in most of the clinical studies to date.
EFFECT OF INTRAVASCULAR OXYGEN-IS
In this simplified model, the volume V is consid ered to be 100% cerebral tissue. In fact, this volume is composed of both tissue and vascular spaces: 
Therefore, in the case of CI502 inhalation, the activity Aw in a volume V is actually given by (see
where F is the actual flow through volume Yd'
From Eqs. 1 and 5 it follows that
In the same way, during IS02 inhalation, the ac tivity Ao in a volume V is given by (see Appen
where Eo is the actual oxygen extraction ratio, as opposed to Eb , which is computed from the sim plified model (Eqs. 1 and 2). From Eqs. 1,2,5, and 7, the relationship between Eo and Eb can be derived, by solving for AoIAw, as
where Vt is the tissue volume, Vy is the venous blood volume, Va is the arterial blood volume, and Vb is the total blood volume (i.e., Va + Vy). Because Eb � I, it follows that Eo � Eb. This mathematically illustrates the fact that nonex tracted activity in the venous blood and activity in the arterial blood act as background signals in the 1502 scan, and result in an overestimation of rOER. From Eqs. 6 and 8 it is clear that a complete solution of FIVd and E o can only be calculated if both the venous volume (Vy) and the arterial volume (Va) are known. Methods exist for mea suring the total regional blood volume (Vb)' but no techniques are available that distinguish between the arterial and venous volumes of the brain. From Eq. 6 and, especially, Eq. 8, it follows that the terms incorporating Va are small, if Va itself is small. It is generally accepted that the arterial fraction consti tutes 20-30% of the systemic circulation (Mel lander and Johansson, 1968 ). This has been con firmed for the cerebrocortical blood volume (L. M. Auer, personal communication). From Eq. 6 it can be calculated that for values of Va up to 6% of the total brain volume V and flow values up to 100 mIl 100 ml/min, F'IV and FIVd are essentially the same ( Fig. 7) . In Fig. 1 , the relationship between E o and E� for a variable arterial fraction a of the total blood volume Vb is shown. For normal blood volume and all values of blood flow, the arterial fraction is un important (Fig. 1 ).
In these considerations it has been assumed that all arterial blood in the total volume V is nutrient to the tissue within that same volume. If, however, larger arterioles crossing to adjacent regions of brain or arteriovenous shunts are present, the two compartment model presented in Appendix A will not strictly apply. This situation is discussed in de tail in Appendix B, in which an alternative constant background model is presented. It has been shown in Appendix B that, for the vast majority of cases, both models would give the same results. If the sit uation of a constant background (Appendix B) is more appropriate, there will be a slight overesti- mation in the measurement of rCBF when using the simplified model of Eq. 1. In reality, a combination of both models will exist, resulting in only a minor error in the measurement of rCBF. The relationship between real and measured rOER is even less de pendent on the arterial fraction of the total blood volume. In a situation in which the model of Ap pendix B is the most appropriate for a particular study, and rCBF is extremely low and both rCBV and the arterial fraction of rCBV are high, then rOER will have a very slight dependency on the arterial fraction.
CORRECTION METHOD
For practical purposes, a first-order approxima tion, therefore, would neglect the arterial volume completely and consider all the blood volume signal to be at venous concentration. Thus
In considering the calculation of rCBF from Eq. 5, no correction in the flow calculation from Eq. 1 has to be performed if the arterial blood volume is assumed to be negligible. This is because the ex traction of water is assumed to be complete and the (venous) blood volume is, therefore, part of the total volume of distribution of the (extracted) water.
Finally, from Eqs. 8-12, assuming all the blood volume to be venous, the corrected rOER is giv en by and
with rCBF and rCBV expressed per 100 ml of brain .
In Figs. 2 and 3, the relationship between E o , E�,
FIVd (or F'IV), and Vb is shown. For normal values of rCBF, the correction depends principally on the blood volume and the value of the rOER itself. However, Eq. 13 depends on rCBF, and it can be seen from Figs. 2 and 3 that for low flow values and low or normal rOER the percentage correction be comes large. This is due to the fact that the amount of activity (labelled metabolic water) residing within the parenchymal tissues depends on the product of flow and rOER. The effect of the intravascular, unextracted activity becomes important in the 1 5 02 scan, because of the limited accumulation of signal within the tissues at low flows. The effect of the blood volume correction and uncertainties in the arterial/venous ratios in situa tions of extremely low flow (as, for example, that encountered in peripheral tissues) will be described elsewhere (T. J. Spinks et aI. , in preparation).
In conclusion, if rCBV is known, it is possible to calculate Eo from Eqs. 13 and 14, assuming the blood volume is entirely venous. For the purpose of calculating Eo, this assumption is justified, be cause, in most conditions, the applied correction is not sensitive to a change in distribution of the blood over arterial and venous compartments.
The correction is valid, irrespective of how rCBV is measured. It requires first the calculation of un corrected rOER, followed by the correction to ob tain corrected rOER. However, if rCBV is mea- mllmllmin) and white (rCBF = 0. 2 mllm1lmin) matter, a maximum underestimation of 18% for the mean rCBF was found (Lammertsma et aI. , 1981b) . It is therefore of interest to estimate the expected error in the corrected rOER, since in the correction the measured value of rCBF is used (Eq. 14).
It is important to realise that tissue heterogeneity will affect both 1 5 02 and CI 5 02 scans in the same manner. Because uncorrected rOER (E�) is ob tained basically by dividing the two scans (Eq. C. 7, Appendix C) there will be only a negligible effect. In addition, rCBV will not be affected, because rCBV is linearly dependent on pixel counts (Phelps et aI. , 1979) .
Therefore, from Eqs. 13 and 14 it can be derived that
sured by use of continuous inhalation of C1 5 0, it is possible to calculate corrected rOER directly. Equations for this calculation are given in Appen dix C.
TISSUE HETEROGENEITY
In the correction method (Eqs. 13 and 14) it is assumed that the tissue sampled is homogeneous. However, in practice, due to the finite spatial res olution, heterogeneous brain areas will often be en countered. It has been shown previously that, due to the nonlinear character of Eq. 1, an underesti mation of the measured "mean" flow will occur, compared to the true "mean" flow for the region. For example, for a mixture of grey (rCBF = 0. 7 with rCBF and rCBV expressed per milliliter of brain.
Substitution into Eq. 15 of the example given above (Lammertsma et ai. , 1981b) , with E� = 0.5
and rCBV = 5%, shows that even the maximum underestimation of 18% in rCBF will result in a final error in the corrected rOER of <1%. Therefore, tissue heterogeneity has only a negligible effect on the correction method.
STATISTICS
Theoretical and practical statistical studies of the oxygen-IS steady-state technique have been per formed previously (Jones et aI. , 1982; Lammertsma et aI. , 1982) . The introduction of additional scan data into the calculation will tend to reduce the sta tistical precision of the values of rOER and, there fore, of rCMR02• Starting with Egs. 13 and 14, the coefficient of variation for E o can be derived: Figures 2 and 3 demonstrate that for normal and low rOER, the rCBV correction is significant. In applying this correction, the statistical precision of the rOER estimation only decreases by a few per-
with rCBF and rCBV expressed per milliliter of brain.
The coefficient of variation for rCBF and for E� are defined in a previous study (Lammertsma et aI. , 1982) . Because rCBV is linearly dependent on pixel counts (Phelps et aI. , 1979) , the coefficient of vari ation for rCBV and pixel counts is the same, �4% (Lammertsma et aI. , 1982) . It should be mentioned that this coefficient of variation is due mainly to uneven distribution of scatter within a scan, resulting in a slight nonuni formity within the scan. For different scans this nonuniformity is constant. The opposite signs for the first and third terms in Eg. 16 indicate that the final coefficient of variation for E o will be even smaller than the worst case presented here.
From Fig. 4 it can be seen that the difference in the coefficient of variation for corrected and un corrected rOER increases almost linearly with rCBY. Figure 5 demonstrates that the increase in the coefficient of variation is independent of rCBF, except for low values of flow and rOER. The major contribution to the increase in coefficient of varia tion is due to the uncertainty in estimating the un corrected E� . This error now corresponds to the smaller, corrected E o and therefore the percentage error will increase, especially for low flow and rOER for which the correction is large.
For normal rCBV and rOER, the increase in the coefficient of variation, brought about by the cor rection for rCBV, is between 1 and 2%. As the coef ficient of variation for E� is between 3 and 7% (Lammert sma et aI. , 1982), the final coefficient of variation for E o will be between 4 and 9%, de pending mainly on the number of events recorded in the 1 5 02 scan. First, in the calculation of rCBV from, for ex ample, an llCO scan, a cerebral-to-Iarge vessel hae matocrit ratio has to be taken into account (Phelps et aI. , 1979) . Although both 1502 and llCO are car ried by the red cells, a correction for the change in haematocrit needs to be applied. The transit of unextracted 1502 through the venous compartment is dependent on both red cell flow and red cell volume. Both parameters are related in the same way to total blood flow and volume by the haem a tocrit. In the denominator of Eg. 14, total blood flow is used (as measured with the C1 5 02 scan), and, therefore, total blood volume should be used. It fol lows that the cerebral-to-Iarge vessel haematocrit ratio should be taken into account when rCBV is calculated, and that this value of rCBV should be used in Eq. 14. The value generally used for the cerebral-to-large vessel haematocrit ratio (0.85) is the mean of several reported studies and has been used by a number of authors (Phelps et aI., 1979) . However, the cerebral haematocrit could change re gionally, especially in disease. Although this uncer tainty clearly needs further study, even an error of 15% in cerebral haematocrit and consequently rCBV would, for normal OERs, only result in a 1-2% error in the corrected rOER. For small rOER «0. 1) and high rCBV, the error in corrected rOER could increase to � 10%. As a result, errors in the assumption about small vessel haematocrit, there fore, would result in relatively small errors com pared to the errors obtained if no correction were applied (Figs. 2 and 3) . Second, for practical purposes rCBV is consid ered to lie entirely within the venous side of the circulation in this correction. It has been estimated that cerebrocortical CBV comprises � 30% arterial blood and 70% venous blood (L. M. Auer, personal communication). Within other regions of the brain and in pathology, the ratio may be expected to be different, and therefore no realistic figure can be given for the arterial fraction of rCBY. Since the arterial concentration of 150 is higher than the ve nous concentration, it would mean that the "back ground signal" in the 1502 scan is underestimated. However, in the case of arterial blood there is also a "background signal" in the CI502 scan (as there is near total extraction of H2150 and hence there is no background venous signal; see correction method). Since the calculation of rOER is based on division of the 1502 and CI502 scans, the assumption that rCBV is entirely venous results in only a minor error in rOER. This is illustrated in Fig. 1 , in which rOER is nearly constant for different arterial frac tions.
The capillary blood volume is neglected in this study because it is small (Lierse and Horstmann, 1965) , and in a first-order approximation it can be considered to be distributed over the arterial and venous compartments.
The effect of ignoring arterial blood in the cal culation of rCBF is negligible. Although activity in the arterial compartment acts as a background signal in the CI502 scan, this error is counteracted by the actual tissue volume being smaller than mea sured. Therefore, rCBF (flow per unit volume) tends to remain constant. rCBF tends to be slightly overestimated only in the presence of larger arteri oles or shunts (Appendix B).
As has been mentioned before, a practical cor rection for arterial blood is difficult, if not impos sible, to apply. At present no technique has been described for measuring the arterial blood volume, and the assumption of a fixed percentage of the total blood volume in all parts of the brain, especially in disease, is not valid. It seems better, therefore, not to attempt to correct for an arterial blood fraction. This is justified because the presented correction is not sensitive to a change in arterial fraction.
CONCLUSION
This study shows that neglecting intravascular oxygen-15 results in a significant overestimation of rOER and rCMR02• To correct for this component it is necessary to measure rCBV.
The correction method presented assumes that rCBV lies entirely within the venous side of the cir culation. Although theoretically it is possible to cor rect for both arterial and venous activity, as yet no method has been described to discriminate in vivo between these compartments. The correction, how ever, has been shown not to be sensitive to a change of distribution over both compartments.
The statistical precision in the measurement of rOER only decreases slightly as a result of the rCBV correction (�2% for normal values), and it is clear that the correction is an important part of the study if a low rOER and/or variable rCBV is anti cipated.
In a companion article in this issue (Lammert sma et aI. , 1983) , results of the application of this cor rection method to a series of patient studies are presented. 
APPENDIX A
During inhalation of C1 5 02, the brain signal is due to oxygen-IS-labelled water that was initially formed within the lung (West and Dollery, 1962) . To allow for vascular compartments, an extended model is schematically illustrated in Fig. 6 . Al though there are both arterial and venous compart ments, the venous blood volume is part of the total volume of distribution of the (extracted) water be cause the extraction of water is assumed to be com plete. Therefore, only two compartments are nec essary: an arterial compartment with volume Va and a compartment representing the total volume of dis tribution Vd of the extracted water, which com prises the tissue volume Vt and the venous volume Vy• Under steady-state conditions, the activity in each compartment is constant. The activity A w a in the arterial volume Va is therefore given by C w F A w a = FIV + A.
where F is the blood flow through the "system," A.
is the decay constant for oxygen-iS, and C w is the arterial concentration as measured from an arterial sample.
In the same way, the activity A W d in the volume Vd is given by
where C w a is the "input" concentration to com partment Vd. However, A w aF1Va = C w aF 
During continuous inhalation of 1 5 02, the total signal may be divided into three components: (a) J Cereb Blood Flow Metabol. Vol. 3, No. 4, 1983 H2150 of metabolism following the extraction of 1 5 0, (b) recirculating H21 5 0, and (c) nonextracted intravascular 1 5 0.
The first two components can be described by equations similar to Eq. A. S, because the compart ments involved are the same. The nonextracted in travascular oxygen-IS, however, is contained only within the arterial and venous blood pool. Com bining gives, for the total activity A o ,
where C o is the arterial concentration of haemo globin-bound molecular 1502, C� is the arterial con centration of recirculating H2150, and E o is the ox ygen extraction ratio.
APPENDIX B
In Appendix A it is assumed that the arterial blood in the total volume V is all nutrient to the tissue within that same volume. However, it is pos sible that arteries or larger arterioles supplying ad jacent regions of brain are present, or that arterio venous shunts exist (for example in tumours). As suming the concentration of H2150 in this background arterial blood to be the same as that measured from an arterial blood sample, the total activity A w in a volume V, during continuous in halation of C1 5 02, is not given by Eq. A. S, but by
where F is the tissue blood flow, A. is the decay constant for oxygen-IS, C w is the arterial concen tration as measured from an arterial sample, Vd is the volume of distribution of water, and Va is the arterial blood volume.
In the same way, during continuous inhalation of 1 5 02, the activity A o in a volume V is given by
where E o is the oxygen extraction ratio, Vy is the venous blood volume, C o is the arterial concentra tion of haemoglobin-bound molecular 1 5 02, and C� is the arterial concentration of recirculating H2150. Combining Eq. B. l with the simplified model (Eq. I, see text) gives the following relationship between apparent (measured) flow F'IV and real fl ow FIVd:
In Fig. 7 the relationship between measured flow (rCBF') and real flow (rCBF) is given both for the two-compartment model (Eq. 6, see text) of Ap pendix A and the constant background model (Eq. BJ) of Appendix B. It can be seen that the first gives a negligible underestimation of flow, whereas the second model results in a small overestimation. In reality there will be a combination of both situ ations. Normally the arterial volume will be much smaller than the 5% of the total volume used in Fig.  7 . Thus it is clear that the measurement of flow is influenced only to a minor extent by the presence of arterial blood. In arteriovenous shunts the con stant background signal would probably dominate, resulting in a slight overestimation of flow.
Combining Eqs. 1 and 2 with Eqs. B.l and B.2 and solving for A o lA w results in the following rela tionship:
where E� is the apparent oxygen extraction ratio.
A comparison between this relationship and the one obtained with the two-compartment model (Eq. 8) shows that they are identical. In practice, how ever, the relationship between measured F'IV and real FIVd is different (Fig. 7) . For normal flow the relationship between corrected and uncorrected rOER is insensitive to the actual flow values (see, for example, Figs. 2 and 3) . However, for low flow the relationship becomes dependent on flow itself (Figs. 2 and 3) . Therefore, under circumstances in which the constant background model is the most appropriate, when rCBF is low « 10 mll100 mllmin) and both rCBV and arterial fraction of rCBV are high, the correction in rOER could even be slightly higher (i.e., corrected rOER lower) than obtained with the method presented in this article. In prac tice, a combination of these conditions will be un usual and, even then, the possible error in the ap plied correction will be only a few percent.
APPENDIX C
The relationship between corrected rOER (Eo) and uncorrected rOER (E�) is given by Eqs. 13 and 14, with
where F is the blood flow through volume V, V b is the total blood volume within V, A is the decay con stant for oxygen-I5, and rCBF and rCBV are ex pressed per 100 ml of brain.
This relationship is valid irrespective of the way in which rCBV is measured. In practice it means that first E� has to be calculated, after which the correction has to be applied to obtain E o . This ap proach seems to be the most convenient if rCBV is measured by use of a bolus inhalation or injection of llCO or C1 5 0.
However, when continuous inhalation of CI 5 0 is used it is possible to derive a simple expression for the calculation of E o without first calculating E�. This is possible because the mode of administration in this case is the same for all three gases. There fore, the relationship between accumulated activity and half-life is the same.
During continuous inhalation of C1 5 02, in the ( FIVd + A + FIVd + A )
FIVv + A FIVa (B.4) steady state, the activity A w in a volume V will be given by (see Eq. 1)
where C w is the arterial concentration of H21 5 0.
Similarly, during continuous inhalation of C1 5 0, the activity Ab in the same volume V is given by
where C b is the arterial concentration Dividing Eq. C.4 by Eq. C.3 gives of C1 5 0.
A b FIV + X.
Combining Eqs. C.2 and C.S results in
In the oxygen-IS steady-state technique, the un corrected rOER is calculated according to (see Frackowiak et al., 1980a) 
